The objective of this study was regarding sensory and cognitive interactions in older adults published since 2009, the approximate date of the most recent reviews on this topic. After an electronic database search of articles published in English since 2009 on measures of hearing and cognition or vision and cognition in older adults, a total of 437 articles were identified. Screening by title and abstract for appropriateness of topic and for articles presenting original research in peer-reviewed journals reduced the final number of articles reviewed to 34. These articles were qualitatively evaluated and synthesized with the existing knowledge base. Additional evidence has been obtained since 2009 associating declines in vision, hearing, or both with declines in cognition among older adults. The observed sensory-cognitive associations are generally stronger when more than one sensory domain is measured and when the sensory measures involve more than simple threshold sensitivity. Evidence continues to accumulate supporting a link between decline in sensory function and cognitive decline in older adults.
INTRODUCTION
When the topic of cognitive effort or cognitive energy has been raised in an auditory context in recent years, it has frequently been in the context of listening effort or the mental effort expended when listening to speech in challenging conditions. Of course, as audiologists, hearing researchers, or members of the hearing aid industry, the focus is naturally placed on the auditory aspects of the target signal. It has long been recognized, however, that in most everyday listening situations, perception of the speech stimulus is a multisensory process involving at least the senses of hearing and vision (e.g., Massaro 1987; Summerfield 1987; Grant 2002; Altieri et al. 2011) . The relative role of these two senses in auditory-visual speech communication is known to vary with the acoustical signal to noise ratio such that the perceiver makes little use of visual information in quiet listening conditions, but relies heavily on this same information in acoustically challenging conditions (Sumby & Pollack 1954; Grant et al. 2007; Altieri et al. 2011) . One could think of the use of additional visual information for speech perception in acoustically challenging conditions as a built-in system to reduce listening effort and enhance recognition performance. Given the general bias toward auditory sensation in our own field, it is not too surprising that the links between sensory function and cognition have focused on hearing as well. However, if one considers the target signal to be an auditory-visual speech stimulus, then the associations between vision deficits and cognition take on added importance for those working in our field.
How do the senses interact with cognition? Schneider and Pichora-Fuller (2000) and Schneider et al. (2010) , building on the hypotheses put forward by Lindenberger and Baltes (1994) , reviewed four conceptual models for such sensory-cognitive interactions drawn from the literature, with a special focus on age-related changes in older adults. These conceptual models were (1) cognition influences sensory processing, (2) a common-cause mechanism, (3) an information-degradation process, and (4) a sensory-deprivation model. As they noted, the first model garnered little support from the literature on aging. In the other three models, associations between sensory-processing deficits and cognitive function are posited, with differences among the three models attributed to aspects of the relative timing or duration of sensory and cognitive declines. In the common-cause model, for example, it is presumed that some underlying systemic change occurs in aging, such as detrimental vascular changes which, in turn, cause concomitant processing deficits in various senses as well as cognition. The sensory and cognitive losses occur essentially simultaneously when initiated by the presumed underlying common cause.
For both the information-degradation and sensorydeprivation models, a sensory-processing deficit precedes the measured cognition dysfunction. The difference between the two is basically the duration of the sensory input degradation. Information-degradation occurs as soon as the sensory input is degraded and this leads to immediate decline in measured cognitive function using stimuli applied through that sensory system. Application of masking noise, earplugs, or temporary threshold shift from noise exposure would be examples of nearly instantaneous information degradation that could negatively affect cognitive function when assessed auditorily. Of course, more slowly developing permanent hearing loss would also lead to information degradation. There are many examples, dating back at least to Rabbitt (1968) , of recall for auditory stimuli being negatively affected by the addition of a masking noise, with the noise level adjusted so as not to affect the repetition of the auditory stimuli presented individually rather than in recall strings. Analogous effects have been observed for degraded vision dating back to at least Dickinson and Rabbitt (1991) . As noted, age-related hearing loss (inaudibility) or vision loss would represent other possible forms of information degradation (e.g., Rabbitt 1991; Pichora-Fuller et al. 1995) .
The auditory-deprivation model is very similar to the information-degradation model except that it is generally believed that the degradation of the sensory input must be long term so that the brain's plasticity reallocates resources on a more permanent basis to compensate for the loss of sensory input. Auditory deprivation in human listeners was the topic of an earlier Eriksholm workshop (Arlinger et al. 1996) . Often underlying neuroanatomical changes are presumed to have taken place after a prolonged period of sensory deprivation (e.g., Peelle et al. 2011; Eckert et al. 2012; Lin et al. 2014) . In principle, such neuroanatomical changes might also occur from repeated or prolonged exposures to masking noise, earplug usage, or temporary threshold shift, as well as from the development of sensorineural hearing loss. In practice, however, hearing loss is the most likely and most prevalent long-term form of auditory sensory deprivation. Although the focus in these examples for each model has been placed on the auditory system, historically the visual system has been the sensory system studied in the research leading to the development of each of these models of sensory-cognitive interactions in older adults.
Models of sensory-cognitive interactions have been of special interest to those studying age-related changes in older adults. It has been well established for many decades that, on average, older adults experience declines in sensory function (e.g., International Standards Organization 2000 for hearing; Owsley et al. 1983 for vision), with signal detection being the most frequently studied phenomenon. Furthermore, older adults also experience declines in processing-based measures of cognitive function (see review by Salthouse 2010) . As a result, it is probably only natural to wonder how these parallel declines in ability with advancing age might be related. Of course, the population of older adults is also of particular interest to audiologists and the hearing aid industry because at least two-thirds of the hearing aids produced are provided to adults over 60 years old (Skafte 2000; Strom 2006 ).
MATERIALS AND METHODS
As noted, reviews of the sensory-cognitive interactions, with a special focus on the auditory system, have been provided previously by Schneider and Pichora-Fuller (2000) and Schneider et al. (2010) with others including additional sensory systems (Anstey et al. 2008) or special emphases on such interactions in cognitive impairments, such as Alzheimer's disease (Albers et al. 2015) . As an update to these recent reviews, a literature search was conducted via Medline using keywords of "aging+hearing+cognition" or "aging+vision+cognition." Given the workshop focus on listening effort, especially as it pertains to speech perception, the focus of the literature search was on the two senses central to speech perception: hearing and vision. As shown in Figure 1 , a total of 413 articles were originally identified through this database search that were published in English since 2009. In addition, another 25 articles on these topics were identified from other recently published reviews resulting in a total of 438 articles. One of these proved to be a duplicate and was removed. The titles and abstracts of the remaining 437 articles were screened by the authors. Screening by title and abstract for appropriateness of topic and for articles presenting original research in peer-reviewed journals reduced the number of articles reviewed to 39. Review of the full articles resulted in five articles being excluded due to being on an incorrect topic. The remaining 34 articles on aging, hearing or vision, and cognition were the focus of this review. (The citations for these 34 articles have been marked with an asterisk in the reference list.) Although the focus here is on hearing and vision, driven primarily by the importance of these two senses to the speech-perception process, it should be noted that age-related declines in olfaction have also been identified as potential markers for age-related decline in cognition (e.g., Mesholam et al. 1998; Graves et al. 1999; Kovács 2004; Devanand et al. 2010; Wang et al. 2010) . Moreover, age-related changes to motor systems, as well as sensory systems, have been conjectured to precede the development of Alzheimer's disease (Albers et al. 2015) . Here, however, the focus is on recent studies of age-related changes in vision or hearing in relation to agerelated changes in cognition in otherwise healthy older adults. This focus for this workshop appears appropriate given the critical roles of hearing, vision, and cognition in speech perception, including the effort required to achieve a desired level of speech-perception performance.
RESULTS AND DISCUSSION
Most of the 34 research articles identified through this search could be grouped into various topical clusters, such as vision and cognition, hearing and cognition, and so on. As a consequence, the results are presented and discussed here as clusters of papers on specific subtopics of the general theme of sensory-cognitive interactions.
Vision and Cognition
For vision, two small-scale laboratory-based research studies were conducted since 2009 and examined the effect of poor visual acuity on cognitive function (Jefferis et al. 2012; Killen et al. 2013) . In both cases, the Mini Mental Status Exam (MMSE; Folstein et al. 1975 ), a screening test for dementia, was the cognitive measure of interest, although Killen et al. also examined cognitive tests that did not depend on vision. In both studies, poor visual acuity was related to poor performance on the MMSE, especially on the visual items of the MMSE (Jefferis et al. 2012) . No effect of poor visual acuity was observed for either the nonvisual items of the MMSE (Jefferis et al. 2012) or the vision-independent cognitive measures used by Killen et al. Thus, when the visual information is degraded by poor visual acuity, performance on the visual measures of cognitive function suffers (Phillips 2016, this issue, pp. 44S-51S) . Some forms of visual acuity deficits, such as refractory problems, can be remedied, but others, such as those resulting from macular degeneration or retinopathy are less easily remedied. In such cases, it is important to include nonvisual measures of cognitive function and to also recognize that the peripheral visual deficit may limit performance on a variety of everyday cognitive tasks making use of visual stimuli (e.g., memory for to-do lists, written directions, written instructions), as well as the processing of the visual information in speech.
Two recent large-scale studies of older adults found, as in prior studies, an association between simple measures of visual acuity and cognitive function (Clay et al. 2009; Ong et al. 2012 ). Clay et al. studied 842 older adults and found that the well-established associations between age and memory span, as well as age and fluid intelligence, were mediated by a combination of visual acuity and processing speed. Ong et al., in a study of 1179 60-to 80-year-old participants, found higher percentages of cognitive impairment, measured with a 10-item MMSE-like screener, among those with poor visual acuity and eye health (retinopathy).
Hearing and Cognition
With regard to recent auditory studies of older adults, several smaller-scale studies have focused on the effect of the presence of age-related hearing loss, or compensatory procedures to accomodate such loss, on the performance of auditory cognitive tasks (Heinrich & Schneider 2011; Verhaegen et al. 2014; Dupuis et al. 2015 ). Heinrich and Schneider examined the effect of the use of different stimulus presentation levels on paired-associate memory performance for word pairs presented auditorily. To compensate for the presence of age-related hearing loss, one might choose to adjust the presentation level based on the severity of an older individual's hearing loss. Doing so, however, runs the risk of further degrading the input due to level-dependent forms of sensory degradation, such as broader tuning or greater masking effects (e.g., Studebaker et al. 1999; Dubno et al. 2006) . As Heinrich and Schneider demonstrated, use of higher presentation levels also reduces the measured memory performance. Verhaegen et al. (2014) studied three groups, each composed of 16 adults: young with normal hearing, young with impaired hearing, and older with impaired hearing. The hearing loss of the two groups with impaired hearing was matched from 500 to 2000 Hz (but not at the higher frequencies). The authors demonstrated that the performance of the two groups with impaired hearing was reduced, relative to that of the young group with normal hearing, on auditory measures of verbal short-term memory. Had the young group with matched peripheral hearing loss not been included, one might have concluded that aging leads to poor auditory-based verbal short-term memory.
Finally, Dupuis et al. (2015) demonstrated, in a sample of 301 older adults, that poor hearing (and vision) acuity led to reduced performance on the Montreal cognitive assessment, a widely used cognitive screener. This was true even after modifying the cognitive scores based on the sensory deficits. At a minimum, the foregoing summary of recent research suggests that the clinician and the researcher must be cognizant of sensory loss when assessing cognitive function, especially for stimuli in the same sensory modality used for stimulus presentation in the cognitive tasks (Phillips 2016, this 
The presence of hearing loss, in many older adults, likely degrades the auditory input used frequently to assess cognitive function. This is consistent with the information-degradation model described previously. Another recent study examined the effect of such degradation in more detail. Piquado et al. (2010) studied the recall of a list of words in which one particular word in the list was masked by noise. They demonstrated that the introduction of the masking noise not only reduced recall accuracy for the masked word but also words in the list that immediately preceded the masked word. They suggested that the decline in subsequent recall performance for the words preceding the masked word reflects the effects of the increased cognitive effort needed for the recognition of the degraded word. Over the past 5 years, there have been numerous reports of epidemiological studies examining the association between hearing loss and cognitive function in older adults. These were likely precipitated by an impressive series of studies published by Lin (2011) and Lin et al. (2011a Lin et al. ( , 2011b Lin et al. ( , 2013 . In each of these large-scale studies, a significant association was observed between measured hearing loss and cognitive function. The association was observed even when controlling for a number of potential confounding variables. This was true, moreover, for a wide range of cognitive measures used across the various studies, including many visually based measures of cognition. In addition, the same general pattern emerged in both cross-sectional and longitudinal datasets. Across the series of published analyses, datasets ranged in size from several hundred to several thousand older adults. It should be kept in mind, however, that because of the large samples employed, relatively small correlations achieve statistical significance. When individual correlations were reported, for example, they were often in the range of 0.1 < r < 0.2, indicating that 1 to 4% of the variance in cognitive function was explained by hearing loss. Subsequent reports from similar epidemiological studies in the United States (Surprenant & DiDonato 2014; Bush et al. 2015) and Australia (Kiely et al. 2012) have observed comparable associations between hearing loss and cognition. Rönnberg et al. (2014) analyzed data from perhaps the largest dataset addressing the association between hearing loss and cognitive function. These investigators analyzed the data from 138,098 individuals in the UK BioBank dataset. It should be noted, however, that the measure of hearing loss used here was one based on the digit-triplet test, which is a hearing screening test based on a speech-in-noise threshold, rather than the more conventional pure-tone audiometry measure of hearing loss. Nonetheless, when groups were formed on the basis of their performance on the digit-triplet task, those with poorer performance also performed worse on two measures of visuospatial memory (a short-term working-memory and a long-term episodic-memory task). Interestingly, for those with poor hearing ability, those who reported using hearing aids did better than those without hearing aids on the visuospatial short-term working-memory task (but not the long-term episodic-memory task).
Hearing, Vision, and Cognition
Although some recent studies also addressed dual-sensory loss, exclusively auditory and visual loss of sensitivity, the focus of two such studies was only tangentially related to cognitive function (Heyl & Wahl 2012; Kiely et al. 2013 ). As noted previously, however, Dupuis et al. (2015) looked at the effect of unisensory and dual sensory loss on a cognitive screening test, the Montreal Cognitive Assessment (Phillips 2016 , this issue, pp. 44S-51S).
There were, however, two Swedish longitudinal studies which included auditory, visual, and cognitive measures obtained from older adults. Sternäng et al. (2010) reported the results from 1057 45-to 90-year-old participants in a longitudinal study. They observed significant associations between hearing loss, visual acuity, and memory, but the associations were generally weaker than many prior correlations reported from cross-sectional studies. The second Swedish study, Ronnberg et al. (2011), drew data from the same longitudinal dataset, but focused on the data from 160 older adults wearing hearing aids tested at one of the longitudinal measurement intervals. Hearing loss, but not visual acuity, was negatively correlated (r ~ 0.40 to 0.45) with long-term memory, but not short-term memory, in this group of older adults wearing hearing aids. The mean duration of hearing aid use was about 2 years for these participants.
Comparing the results across the Ronnberg et al. (2011, 2014) studies a tentative conclusion would be that hearing loss has negative impact on both short-and long-term memory (importantly, when measured with visual or visuospatial tasks) and intervention with hearing aids reduces or eliminates the linkage of hearing loss to short-term memory performance.
The foregoing brief review of recent studies of sensorycognition interactions in older adults generally supports the earlier literature in providing supporting evidence for associations between sensory decline and cognitive decline in older adults. Because most of the studies reported were cross-sectional designs and had restricted measures of sensory function, cognitive function, or both, the evidence accumulated from these studies does not argue convincingly in favor of one model of sensory-cognitive interaction over another. That is, the recent evidence reviewed could be used to support the sensorydeprivation, information-degradation, or common-cause models in that it just confirms a link between sensory function and cognitive function in older adults. The recent literature has added greatly to the support of a link between declines in sensory and cognitive processing with advancing age, but the exact nature of that linkage remains elusive.
There are also implications for speech perception and the use of hearing aids. Almost by definition, older adults provided with hearing aids have had long-standing hearing loss. Many will also have visual impairments of varying type and degree. The possible linkage of these acuity deficits in hearing and vision with cognitive function should make the clinician aware of possible cognitive-processing deficits that are greater than those experienced by older adults of the same age without such deficits in sensory acuity. Of course, because speech is a complex auditory-visual stimulus, the higher-level processing of that stimulus may also be impoverished.
Including Measures Other Than Simple Threshold Acuity
Historically, the vast majority of studies of the linkages between sensory function and cognition in older adults have focused exclusively on measures of threshold sensitivity. Although the studies of Gates et al. (2008 Gates et al. ( , 2010 might be considered to be exceptions, the primary measures of auditory function in these studies were various forms of degraded speech perception. Given the key cognitive contributions to degraded speech perception, it is not too surprising to find a link between performance on such measures and cognition. In that regard, the measures of the perception of degraded speech are not likely to be considered "pure" measures of sensory processing.
Another exception to this can be found in a series of recent reports from our research group (Humes et al. 2009 (Humes et al. , 2013a (Humes et al. , 2013b Craig et al. 2010; Fogerty et al. 2010) . Across this series of studies, rigorous criterion-free psychophysical measures of threshold sensitivity and temporal processing were obtained from samples of 150 to 250 young, middle-age, and older adults in hearing, vision and touch in each study, with the exact sample sizes for each age group varying somewhat from study to study. Measures of temporal processing included temporal acuity (i.e., gap detection in hearing and touch, flicker fusion in vision), temporal-order identification, and temporal masking (forward and backward masking of identification performance). In brief, aging had a significant negative impact on the vast majority of psychophysical measures in all three senses (Humes et al. 2013a (Humes et al. , 2013b . Performance on the forty psychophysical tasks was captured well by eight underlying sensory factors, with some weak to moderate correlations among the set of eight sensory factors. When the common variance across the eight sensory factors was captured by a single higher-order factor, global sensory processing, this factor appeared to mediate the well-known correlation between age and cognition. This is, of course, in general agreement with the various models of sensory-cognitive interaction in aging described previously. Here, however, an interesting twist was that global sensory processing appeared to mediate the link between age and cognition not just for older adults, but for young and middle-age adults as well (Humes et al. 2013a, b; Humes 2015) . That is, this linkage between sensory processing, as measured in multiple senses and across multiple tasks, and cognition was independent of age.
Although our earlier study had obtained parallel measures of threshold sensitivity and temporal processing in hearing, vision, and touch, given the focus here on auditory and visual processing alone, we wondered whether the measures of threshold sensitivity and temporal processing for touch were needed for accurate prediction of cognitive function in our earlier study. In brief, the accuracy of the predictions for cognitive function were found to be identical with or without the tactile measures and the same pattern of correlations and partial correlations was observed among age, sensory processing, and cognitive function as reported in Humes et al. (2013a Humes et al. ( , 2013b . Specifically, when sensory processing in hearing and vision was partialled out, the correlation between age and cognition declined from a moderate and significant value (r = −0.55) to a nonsignificant zero correlation (r = −0.08). A strong correlation (r = 0.70) between sensory processing and cognition was maintained, however, whether or not one controlled for age. When only auditory or visual measures were considered, however, the amount of variance explained in the cognitive measures was lower (total variance accounted for dropped from about 70 to 56%).
It was also clear from the analyses presented in Humes et al. (2013a Humes et al. ( , 2013b ) that many of the temporal-processing measures within each sense were redundant. For example, the auditory temporal-order measures were strongly correlated with the auditory temporal-masking measures and likewise for the visual measures. Elimination of the tactile measures, as well as all the temporal-masking measures (tactile, auditory, and visual), pared the set of auditory and visual sensory-processing measures down to 16 variables. When these variables were analyzed with principal-components factor analysis for the 195 middle-aged and older adults in the dataset from Humes et al., five sensory-processing factors emerged (accounting for 72.1% of the total variance): (1) visual temporal order, (2) visual flicker fusion (a temporal-resolution task), (3) auditory temporal order, (4) auditory threshold, and (5) auditory gap detection. These five (orthogonal) sensory-processing factors, together with educational level and age, a total of seven predictors, were then used to predict cognitive function (a global cognitive-processing factor from 15 subtests of the Wechsler Adult Intelligence Scale). A total of 56.2% of the variance could be explained by 6 of the 7 predictor variables. The results from this stepwise multiple-regression analysis are summarized in Table 1 . Note that, as expected, age and education level explain significant portions of the variance, accounting for 18% of the variance in combination, but that sensory-processing factors, especially measures of temporal processing in hearing and vision, account for an additional 38.2% of the variance in cognitive function in these 195 middle-aged and older adults. Figure 2 plots the global cognitive-processing factor score from the Wechsler Adult Intelligence Scale for subgroups of these same 195 middle-age and older adults from Humes et al. (2013a Humes et al. ( , 2013b . The subgroups were formed on the basis of the number of the five sensory-processing factor scores that were abnormal (>1 SD worse than mean). Two cognitive-processing factor scores are shown in this figure; an uncorrected score and one that has been corrected for the effects of age and education level. In both cases, the same trend emerges. The greater the number of sensory processes that were abnormal, the lower the global cognitive-processing performance. For both the corrected and uncorrected cognitive factor scores, the subgroups Stepwise regression was used and the significant predictors are listed in the left column. The middle column shows the percentage of total variance accounted for by each of those significant predictors and the standardized Beta coefficient in the subsequent regression equation is provided in the right column. Fig. 2 . The global cognitive factor score plotted as a function of the number of sensory measures that were "abnormal" (by more than 1 SD from the mean) from the reanalysis of auditory and visual data alone obtained from older adults by Humes et al. (2013) . Bars represent mean factor scores and the associated error bars depict 1 SE.
with only one or fewer abnormal sensory-processing factor scores had significantly higher cognitive scores than those with two or more abnormal sensory-processing scores. This confirms the importance of testing multiple senses and sampling multiple processes in a battery of sensory-processing measures if one wishes to obtain the best possible accounting of individual differences in cognitive function among middle-aged and older adults. It could be important to assess multiple senses and multiple processes because the link to cognition is via modalitygeneral, rather than modality-specific, processes (e.g., Daneman & Carpenter 1980; Just & Carpenter 1992; Kane et al. 2004) . In this sense, impact of aging on multiple senses could be thought of as either multiple degradations of input to modality-general processes or more robust indications of the failure of modality-general processes. On the other hand, in a common-cause hypothesis, each additional sensory system or process impacted could indicate more widespread sensory and cortical declines. Additional research is needed to both confirm these findings and to further explain them. Although speech perception was not assessed in detail in the aforementioned series of multisensory studies by our research group, there would appear to be strong implications for the processing of speech. To illustrate, consider just two tasks: two-item same-location (ear) temporal-order identification and four-item same-location (ear) temporal-order identification. Figures 3 and 4 provide the group data from the dataset of Humes et al. (2013a Humes et al. ( , 2013b for the young (N = 53) and older (N = 141) adults for the auditory and visual modalities, respectively. These data make use of the dataset from Humes et al. but were not analyzed in this fashion previously. In each panel, the median (filled circle) and interquartile range (error bars) are provided for the measured stimulus onset asynchrony yielding 50% correct performance. To put these stimulus onset asynchrony values in perspective, relative to the duration of the stimuli used, the unfilled and cross-hatched horizontal bars in each panel illustrate the temporal arrangement of the stimulus sequence at the median threshold for each group. The unfilled horizontal bar is the initial stimulus and starts at 0 msec, with a duration of 70 msec in hearing and 30 msec in vision. The same pattern of results appears in both hearing (Fig. 3) and vision (Fig. 4) when results are compared across tasks and groups. Consider first the two-item temporal-order tasks in the top panel of each figure. Whereas young adults can achieve 50% accuracy with two vowels or two letters that physically overlap in time by about 50% of the stimulus duration, older adults require greater physical separation between the two stimuli to achieve the same level of performance. When the task is made more difficult by stringing together four stimuli in each sequence (lower panel in each figure), both groups require much more temporal separation between each stimulus in the sequence to achieve the same 50% Fig. 3. Medians (filled circles) and interquartile ranges (error bars) for the measured SOA obtained from young and older adults on the auditory two-item (bottom) and four-item (top) temporal-order identification tasks (data from Humes et al. 2013) . Results are shown relative to the temporal parameters of the stimulus sequence with the white rectangle indicating the initial stimulus in the sequence for both subject groups and tasks and the gray rectangles representing the location of the subsequent stimuli in the sequence based on the median SOAs measured for each task and group. SOA indicates stimulus onset asynchrony. Fig. 4. Medians (filled circles) and interquartile ranges (error bars) for the measured SOA obtained from young and older adults on the visual twoitem (bottom) and four-item (top) temporal-order identification tasks (data from Humes et al. 2013) . Results are shown relative to the temporal parameters of the stimulus sequence with the white rectangle indicating the initial stimulus in the sequence for both subject groups and tasks and the gray rectangles representing the location of the subsequent stimuli in the sequence based on the median SOAs measured for each task and group. SOA indicates stimulus onset asynchrony.
accuracy. Notice that the young adults have processed the full four-item sequence in the same amount of time that the older adults have only processed one (vision, Fig. 4) or two (hearing, Fig. 3 ) of the stimuli in the four-item sequence. Natural speech is composed of fast and complex temporal sequences of (correlated) auditory and visual stimuli. Relative to young adults, it would appear that older adults would lag well behind in the online processing of running speech, for both the auditory and the visual information. This has been supported by the study of Piquado et al. (2012) , which demonstrated age-related recall differences for narratives when all subjects had to process the narratives continuously, but no age-group differences when the speech input was self-paced. Furthermore, if aging introduces a differential lag in auditory and visual processing of sequential stimuli, this could negatively impact the integration of information across both senses and reduce the correlation between them expected for speechreading.
Sensory Function, Cognition, and Speech Understanding
The focus of another recently completed study from our research group was on individual differences in the understanding of amplified speech by 98 older adults (Humes et al. 2013a (Humes et al. , 2013b . The main findings that emerged are summarized briefly here as follows. First, using the procedures and tasks in this study, it was possible to obtain reliable estimates of performance from older adults on measures of nonspeech auditory perception, visually based cognitive-linguistic processing, and speech understanding. Second, as a group, the older adults in this study were outperformed by the group of young adults on about 25% of the measures. About half the time, however, these differences were in the cognitive domain and seldom were agegroup differences observed in aided speech-understanding. The latter observation is likely due to the use of optimal spectral shaping in this study to minimize the influence of stimulus inaudibility on speech-understanding performance. This suggests, however, that neither the differences in age nor the presence of cochlear pathology between the young and older adults were critical for recognizing or identifying the spectrally shaped speech stimuli. That is, when the audibility of speech was fully restored, the older adults with varying degrees of underlying cochlear pathology had speech-understanding performance comparable with that of young adults with no cochlear pathology. Third, individual differences in aided speech-understanding performance among the 98 older adults were well explained (accounting for 55% to 60% of the total variance) by 5 to 6 predictor variables included in this study, with significant and roughly equal contributions from visually based measures of cognitive-linguistic processing, nonspeech auditory measures, and age. Of course, the critical importance of cognitive-linguistic factors to the perception of amplified speech underscores the likely importance of cognitive energy and listening effort to everyday speech understanding in older adults. As noted previously, the importance of cognitive factors in the prediction of aided speech-in-noise performance has been a common finding in recent years (see reviews by Houtgast & Festen 2008; Akeroyd 2008; Humes & Dubno 2010) .
After completion of this project (Humes et al. 2013a (Humes et al. , 2013b , it occurred to us that these same data could offer some insights about the association between performance in multiple senses and cognition in another relatively large (N = 98) sample of older adults. That is, rather than use the various predictor measures, including a measure of cognitive-linguistic speed of processing and a battery of working-memory measures, to predict speech-understanding in competition, perhaps speech-understanding measures, as well as several of the other noncognitive predictor measures, could be used to predict cognitive function. There were three separate and weak-to-moderately correlated (0.19 < r < 0.44) measures of cognitive function included in the study by Humes et al.: (1) the MMSE; (2) a computer-based battery of three common working-memory tests (Lewandowsky et al. 2010) ; and (3) A Quick Test of cognitive processing (AQT; Wiig et al. 2002) . The AQT was designed to tap several abilities including verbal-processing speed, automaticity of naming, working memory, and the ability to shift attention between dimensions of multidimensional visual stimuli. It has been used to screen for dementia in older adults as well. With each of these three cognitive measures as separate dependent variables, a set of nine potential predictors were evaluated: five factor scores from the factor analysis of the nonspeech psychophysical measures, age, two factor scores from the factor analysis of the large set of speech-understanding measures, and the text-recognition threshold (Zekveld et al. 2007 ). The latter is a visual sentencerecognition task using the visual presentation of the text of a sentence on the computer screen while varying the width of black vertical bars obscuring various portions of the text. For each of the three multiple-regression analyses (one each for the MMSE, AQT, and Working-Memory tests), 26.4 to 31.5% of the variance in the cognitive-dependent variable was explained by two or three predictor variables. Moreover, one predictor that always emerged was the visually based text-recognition threshold and another was always an auditory measure, although not always the same one (a measure of temporal processing in two cases and speech-in-noise in the other case). Thus, this pattern of findings confirms the importance of including performance measures from multiple senses, in this case auditory and visual measures, when predicting cognitive function in older adults. Also, in at least two of the three analyses, this pattern of findings supports the importance of auditory temporal processing as a predictor of cognitive function in older adults. It is important to note, moreover, that hearing threshold was one of the potential predictors in each regression analysis and this factor was never identified as a significant predictor (and this was not because of collinearity of hearing loss with another predictor variable). In summary, although the individual-differences study by Humes et al. was designed initially to gain a better understanding of the sensory and cognitive factors that might explain individual differences in aided speech understanding in a group of 98 older adults, the dataset also sheds light on the association of sensory and speech-understanding measures with cognition. The pattern of findings in this separate sample of older adults is in good agreement with the findings from our large-scale study of sensory processing in hearing, vision, and touch in older adults. In particular, declines in more than one sense and for more complex stimuli and tasks predict declines in cognitive function among older adults. Humes et al. (2013a Humes et al. ( , 2013b were certainly not the only ones to explore the sensory and cognitive factors underlying speechunderstanding difficulties of older adults since 2009. , in a study of 53 adults ages 19 to 89 years, found that pure-tone hearing loss, age, and cognitive function were all significant predictors of word-recognition performance, but that the relative roles of these factors varied with the predictive context of the preceding portion of the sentence. In particular, in the three lowest predictability contexts, audiometric hearing loss was a significant contributor, but not at the highest level of predictability. Cognition and age explained significant amounts of variance in word-recognition performance at all levels of predictability. Glyde et al. (2013) studied spatial benefit for speech-innoise perception in 80 listeners ranging in age from 7 to 89 years. Neither age nor cognition was related to spatial benefit for speech-in-noise perception. However, the spatial benefit declined as hearing loss increased, despite the use of appropriately amplified speech for those listeners with impaired hearing. In another recent study, Moore et al. (2014) , in a sample of 40,655 40-to 69-year-old adults from the UK BioBank, found that digit-triplet recognition in noise was independently and negatively related to both age and cognitive function. Finally, Füllgrabe et al. (2015) measured auditory temporal processing, cognition, and speech perception in noise in 20 older adults and 9 young adults with normal hearing. The best predictions of speech-perception in noise were found for a combination of temporal-processing measures, particularly measures of temporal fine structure, and cognition.
CONCLUSIONS
A review of over 30 recently published peer-reviewed articles provides additional evidence associating declines in vision, hearing, or both with declines in cognition among older adults. The observed associations were generally stronger when more than one sensory domain was measured and when the sensory measures involved more than simple threshold sensitivity. This observation could be due to underlying common mechanisms or neuroanatomical sites impacted across these senses, but could also simply be due to higher-level sensory-processing measures that draw more on cognitive resources to perform the more complex tasks. More research is needed to further explore these possibilities. Evidence continues to accumulate supporting a link between decline in sensory function and cognitive decline in older adults, but more research is needed, especially longitudinal studies, to better determine the nature of the link. Declines in both sensory processing and cognition result in declines in speech understanding among older adults, even for amplified speech. Furthermore, such declines in sensory processing and cognition, regardless of whether these functions are causally linked, will ultimately increase the demands placed on the listener's processing resources. As a result, listening effort is likely to increase to achieve the level of performance desired by the listener. Of course, this is true for sensory loss, independent of cognitive decline, as well as cognitive decline, independent of sensory loss. To the extent that sensory and cognitive declines are linked, however, one would predict that even more processing resources would be needed to compensate for such combined declines to achieve the desired performance level.
